Abstract: To simplify the complexity of a spectrally efficient frequency-division multiplexing (SEFDM) system, cascaded binary-phase-shift-keying iterative detection (CBID) is proposed for square M-ary quadrature-amplitude-modulation (M-QAM) SEFDM as the first decoding stage, in conjunction with a fixed sphere decoder (FSD). For 16-QAM SEFDM, the decoding complexity of FSD can be reduced to 1/4 with CBID-FSD replacing the iterative detection FSD algorithm to keep the same bit error rate. A 16∼20 Gb/s intensity-modulated single-sideband 16-QAM optical SEFDM is demonstrated by using the CBID-FSD algorithm.
Introduction
Driven by IP video, data center, and cloud traffic, short reach optical networks (SR-ONs), including the metro optical transport networks and optical access networks, are expected to experience fast growth in the near future [1] . As predicted by Bell Labs, the data traffic expansion speed in SR-ONs was expected to be around two times faster than that in the backbone networks [2] . However, the capacity scaling speed in SR-ONs is highly sensitive and mainly constrained by the energy consumption and cost efficiency. In addition, the conventional dense wavelength division multiplexing (DWDM) technique is not available due to the cost of optical sources. In order to upgrade the transmission capacity while retaining the power and cost budget, a viable solution is to improve the spectral efficiency (SE).
In recent years, frequency domain compressing is one effective solution to increase the SE of optical communication systems. For example, orthogonal frequency division multiplexing (OFDM) technique is proposed to replace the DWDM system to increase the SE further. In addition, due to the flexibility and capability of compensating for chromatic dispersion (CD) of fiber link, direct-detection (DD) OFDM (DD-OFDM) system is widely adopted in SR-ONs. Recently, there have been several studies on improving the SE of DD-OFDM systems. For example, optical fast than OFDM is proposed to reduce the channel spacing to half of the symbol rate per carrier for binary phase-shift keying (BPSK) or M-ary ASK systems [3] . Direct detection virtual single-side-band OFDM and single side band OFDM systems are proposed to save the electrical bandwidth by reducing the frequency gap between the optical carrier and data spectrum [4] , [5] .
In 1975, Mazo limit was found, which can achieve a signaling rate higher than Nyquist rate by about 25% through reducing the symbol interval or subcarrier spacing, which are fasterthan-Nyquist (FTN) and SEFDM [6] . Although FTN and SEFDM will lead to considerable Inter Symbol Interference (ISI) and Inter Carrier Interference (ICI), SNR penalty can be eliminated effectively through maximum likelihood (ML) estimation. By upgrading OFDM to SEFDM system, one can achieve about 25% SE enhancement without sacrificing the OSNR margin.
In 2014, we demonstrate 10 Gbit/s SEFDM 4-QAM system implemented with Mach-Zehnder modulator and indicate that the signal spectrum can be compressed from 5 GHz to 3.5 GHz without OSNR penalty [7] . However, the complexity for fixed sphere decoder is high and will increase with the high order modulation format further, which will limit the application of SEFDM.
In this paper, we propose a cascaded BPSK iterative detection (CBID) technique to reduce the complexity of fixed sphere decoder (FSD) algorithm and experimentally demonstrate a 16∼20 Gbit/s DD-SEFDM 16-QAM system. With the CBID-FSD algorithm for SEFDM 16-QAM detection, the subcarrier spacing can be reduced to 90% without OSNR penalty. While with the 80% subcarrier spacing, the SEFDM 16-QAM system achieves the same spectral efficiency with OFDM 32-QAM and benefits from an extra 3 dB OSNR margin.
Principle and Main Issue of SEFDM
In comparison with the OFDM signal, which uses inverse fast fourier transform (IFFT) to generate time domain signal, SEFDM signal is generated by using Inverse Fractional Fourier Transform (IFrFT). A SEFDM signal comprising of N sub-carriers can be represented by
where s n is the information symbol in the nth sub-carrier, T is the symbol period, is the bandwidth compression factor which equals to the bandwidth ratio of SEFDM signal and OFDM signal with the same bit rate. We can find that the SEFDM signal will degenerate into OFDM signal as equal to 1. The spectra of OFDM and SEFDM signals are illustrated in Fig. 1 . The SEFDM breaks the subcarrier orthogonality by reducing the frequency spacing of subcarriers. As the compression factor G 1, for the same bandwidth, the number of subcarriers for SEFDM system is increased by 1= times compared with OFDM system and thus can increase the SE.
The bandwidth of SEFDM can be saved at the expense of ICI after using Fractional Fourier Transform (FrFT) due to sub-carrier non-orthogonality. Thus, additional decoding processing, such as ML detector, is necessary after FrFT operation to realize the optimized detection. However, the exponential complexity for ML detector limits its implementation in practice. To reduce the complexity, a hybrid detector which combines the iterative detection (ID) and fixed sphere decoder (FSD) are proposed to eliminate the ICI effect [8] , based on which a SEFDM 4-QAM system has been demonstrated. For ID-FSD detector, the task of ID is to provide a coarse estimation and define the radius of an N-dimensional sphere in FSD, which then performs the finer estimation by searching the optimum symbols inside the sphere. However, as we try to extend the 4-QAM ID-FSD to M-QAM ID-FSD further, the complexity for FSD will also increase exponentially, which influences the realization in practical system. Therefore, we can conclude that the main issue for ID-FSD is its complexity. Under the premise of ensuring BER performance, we find that the complexity of FSD is determined by the estimation accuracy of ID, which means lower accuracy of ID will induce high complexity of FSD.
Optimization of Iterative Detection (ID)

BPSK Iterative Detection
Iterative detection performs the decisions on samples according to variable thresholds and removes the corresponding ICI. By setting the thresholds gradually converging from apart to the hard decision boundaries, we can make decisions on the samples with decreasing confidence and less ICI interference. Each iteration detection consists of two steps: iteration calculation and mapping. Fig. 2 (a) and (b) illustrate the mapping strategy of 4-QAM ID and 16-QAM ID algorithms, respectively [8] , [9] . The threshold interval is
where m and v are the current and total iteration number, respectively. The samples locating inside of the threshold area are mapped to the corresponding constellations in each iteration detection, while leaving other samples unchanged to the next iteration detection. The algorithm of iteration calculation can be expressed as
where S p and R are N-dimensional vectors representing estimated symbols after p iterations and received signal demodulated by FrFT respectively, e is N Â N identity matrix, and C is the sub-carrier autocorrelation matrix. However, we can find that 4-QAM ID and 16-QAM ID are not optimized in terms of performance. In 4-QAM ID, as shown in Fig. 2(a) , only samples in area A, which satisfy both in-phase and quadrature thresholds are made decisions in each iteration detection. It means that for samples locating in area B, the high confidence in one quadrature could not be exploited. In turn, without these samples made decision on the respective quadrature, ICI is not compensated well and leads to a poor BER. As well, the same case will happen to 16-QAM ID.
Hence, we propose an optimized mapping strategy unleashing the binding of thresholds in IQ for 4-QAM ID to form BPSK ID, as shown in Fig. 2(c) . It means one 4-QAM symbol can be regarded as two BPSK symbols that are mapped to corresponding constellations (±1) independently. Fig. 3 illustrates the simulated BER curve for BPSK ID and 4-QAM ID, with or without using FSD. It can be found that in absence of FSD, BPSK ID performs much better with compression factor ranging from 0.7 to 0.8. In the presence of FSD, the BER curves become much closer with higher . Even for lower , there is still notable improvement between the BER curves of ID-FSD and BPSK ID-FSD.
Cascaded BPSK ID for Square M-QAM Systems
Compared with 4-QAM, ID for higher order square QAM would be more erroneous because the constellation spacing is significantly reduced given the same normalized signal power. In order to make more accurate decisions for higher order square QAM, we propose to break the ID into several stages. Let K ¼ ffiffiffiffi ffi M p À 1, the amplitude in each quadrature of square M-QAM is from the set of fAE1; AE3; . . . AE K g, which can be seen as the sum of K BPSK (±1) signal. Hence, square M-QAM SEFDM signal can be decoded by K stages cascaded BPSK ID. Due to this cascaded structure, all the single bit decision error can be seen as they are induced in the final stage. As the reliable decisions in the past stages have successfully removed the corresponding ICI, the ICI left in the final stage is much smaller than that of the original M-QAM signal. In this way, the performance of CBID is superior to the common M-QAM ID. Fig. 4 illustrates the structure of CBID for 16-QAM SEFDM system, which comprises of K ¼ 3 stages. Let R k represents both the input of stage k ðk ¼ 1; 2 . . . K Þ and the output samples of stage k À 1, while S k represents the output 4-QAM symbols of stage k . The relation between R k and S k is given by In stage k , the iterative detection is the same as (3), except that the threshold interval is replaced by
and the final output of CBID is S ¼ P k S k . Fig. 5 shows the simulation results with only CBID for 16-QAM and 64-QAM SEFDM systems. With ¼ 0:9, the performance of CBID is identical with the original. But for the case with lower , the CBID yields much better BER curves.
Here, the processing of FSD can be illustrated by the data structure of tree. The complexity of FSD can be defined by the tree width ðTw Þ. It is a preset number of retained nodes and the corresponding number of paths that are needed to be searched by FSD from root to leaf [10] . 
Experimental Setup and Results
Digital Signal Processing for SEFDM 16 QAM Signal
A SEFDM 16-QAM signals generator is shown by Fig. 7(a) . The transmitted SEFDM signal with 15 sub-carriers is generated through serial to parallel conversion A SEFDM 16-QAM signals receiver is shown in Fig. 7(b) . The binary data is recovered from the received signals through digital down-conversion, digital down-sampling, synchronization, serial to parallel conversion, stripping away CP, channel estimation, FrFT, CBID-FSD detection, 16-QAM signal de-mapping and parallel to serial conversion. We implement signal synchronization by searching the maximum of frame synchronization sequence correlated with received signals. Due to CD, phase distortion is introduced and this impact is estimated by channel estimation and equalized in an equalizer. 
Experimental Setup
To verify the feasibility of spectrally efficient short-reach optical transmission system, an experiment of 4 GHz bandwidth direct detection O-SEFDM 16-QAM system is demonstrated with the schematic diagram, as shown in Fig. 8 . At transmitter, SEFDM 16-QAM signal is generated in an off-line computer platform. Then, the real and imaginary part of SEFDM signals are uploaded into a Tektronix arbitrary waveform generator (AWG) 7122B. To keep the same electrical bandwidth when decreases, the AWG operates at the sampling rate of 8 GSa/s ð ¼ 1Þ, 8.9 GSa/s ð ¼ 0:9Þ, 9.42 GSa/s ð ¼ 0:85Þ or 10 GSa/s ð ¼ 0:8Þ. To avoid the second-order intermodulation distortion due to the square law photo-detector (PD), the SEFDM electrical spectrum is up-converted to 11.4 GHz to leave a frequency gap. An RF IQ mixer with 11.4 GHz RF carrier, generated by an Anritsu 20 GHz signal generator MG3692B, is used to combine IQ parts of SEFDM signals and up-convert the baseband spectrum. After amplified by a linear broadband electrical amplifier (EA) SHF807 with 23 dB gain, the signals are adjusted to the optimal peak-to-peak voltage of 1.8 Vpp by an electrical attenuator and used to drive an electro absorption modulated laser (EML) with 32 GHz bandwidth. In order to ensure the EML working at the linear region, the optimal bias voltage is optimized to be −2.2 V by using an Anritsu bias-tee G4N37. Then, the signal is modulated onto an optical carrier at 1539.062 nm. A double-sideband optical signal is generated by the EML and passes through 40 km standard single mode fiber (SSMF). An inline Amonics optical erbium doped fiber amplifier (EDFA) PA-35 is used to compensate the power loss of optical link and adjust the optical input power of PD to optimized value. At the receiver, a wavelength selective switch (WSS) 4000S with 20 GHz optical filter bandwidth is used to generate single side band O-SEFDM signals and suppress amplified spontaneous emission (ASE). A PD with 20 GHz bandwidth is used for detection. Then, the detected RF signals are fed into a Tektronix real-time oscilloscope, where the data are sampled at 50 GSa/s, and processed off-line. The received signal is transferred to a SEFDM 16-QAM signals receiver for detection, which is implemented in an off-line computer platform shown in Fig. 7(b) . In order to test the BER performance at different OSNR, we use another Amonics EDFA 33-B as adjustable ASE source. A 1:4 optical coupler is used to mix the optical signal with ASE, and a Yokogawa optical spectrum analyzer AQ6370C is used to monitoring the spectrum of optical signal. Fig. 9 shows the experimental results of BTB and after 40 km SSMF transmission. The detector is CBID-FSD detector with Tw ¼ 4 6 . We can find there is no OSNR penalty for O-SEFDM system and thus gains a net SE enhancement of 10% with compression factor ¼ 0:9. When further decreases, the deviation of OSNR curve indicates that the SE increment comes at the cost of OSNR margin. As equals 0.8, the SEFDM 16-QAM system has the same SE with O-OFDM 32-QAM, yet it outperforms the latter by a 3 dB OSNR margin for both BTB and 40 km SSMF transmission at the FEC threshold of BER ¼ 3:8 Â 10
Experimental Results
À3 . Fig. 10 shows that the CBID-FSD detector can achieve better performance than ID-FSD detector with the same Tw . As equals 0.8, the CBID-FSD detector with Tw ¼ 4 6 outperforms 16-QAM ID-FSD with Tw ¼ 4 6 by 0.8 dB OSNR margin at the FEC threshold, and the performance of CBID-FSD detector with Tw ¼ 4 5 is a little better than that of ID-FSD detector with Tw ¼ 4 6 . As the complexity of CBID and ID is much lower than that of FSD, the total computational complexity of SEFDM decoding is mainly determined by FSD. The computational complexity of the FSD for 16-QAM is proportional with the tree width in the form of Tw ¼ 4 n . It can be found from the experimental results that with CBID replacing the 16-QAM ID, one can either achieve lower BER with the same computational complexity or trade the BER advantage for the reduction of the computational complexity to 1/4.
Conclusion
In this paper, we propose a cascaded BPSK iterative detection (CBID) technique to reduce the complexity of fixed sphere decoder (FSD) algorithm and experimentally demonstrate a 16∼20 Gbit/s direct detection O-SEFDM 16-QAM system. Experimental results show that the frequency spacing of subcarrier can be compressed to 90% without OSNR penalty. As the frequency spacing of subcarriers are compressed to 80%, the system will suffer 2 dB OSNR penalty compared with O-OFDM 16-QAM. However, it can achieve the same spectral efficiency as 32-QAM OFDM system and will benefit from an extra 3 dB OSNR margin.
